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Abstract

In large scalefmes, rad~tionfeedback fromtheflametothe fuelsurfacecanbe an importamfactor determining
the rate of fuel volatilization and the rate of flame spread. The radmt flux can be signitlcantly attenuated by core gases
that have absorption features in the infrared. Computer simulationsthat model flame spread require gas absorptiondata to
accuratelypredict the radiation feedback.

The spectral absorptivity of the V3 band (at approximately3000 em-l) of methane was measured at elevated
temperatures. The measurements were performed at higher spectral resolution (4 cm-l) than previously available
measurements. The spectralmean parameters of line strengthand lie shapeweredeterminedfor the Elsasser narrow band
radiationmodel.

The measurements weremade using a FIIR spectrometercoupledto a gas cell that was maintained at a constant
temperature in a furnace. The partial pressure of the methane was variedbetween5 and 95% yielding optical pathlengths
behveen 1 and 14 atm-cm. The total pressure was maintained at 1 atm. Measurementsweremade at temperaturesbetween
296 and 900K. The effect of spectral resolution on the measurementsand derived parameters was examined. Spectral
resolutionsbetween4 and 32 cm-lwere used.

The spectral absorption measured as a function of optical path length showed departures from Beer’s Law
dependence. Integrated band intensities, line strengths, and line shapes as a function temperature were derived from the
tits. The higher resoh-nionmeasurements (4 cm-l) yield line strengths having a highly irregular spectral dependence
correspondingto the irregularity of the spectral data. TMs is in contrast to prior low resolution results that yield a smooth
bell shaped distribution for the line strengthM a functionof the wavennmberwithina band.

Introduction

In large scale fwes,heat feedbackfrom the flame to the fuel surfaceis dominatedby radiation and is therefore the
primary mechtism specifyingfuel burning rates. Heat feedbaekto the fuel surfacehelps to volatilize the fuel which forms
a cool, hydrocarbon-richcore betweenthe flame and the fuel surface. When these core gases reac~ heat is releas@ which
beeomespart of a perpetuating cycle that sustains the flame and controls the heat flux and rate of spread. The core gases
are an important part of ihe heat transfer process in that they absorbradiant energyfrom the flame. Therefore if accurate
predictionsof flame spreadrates are to be made, the radiativepropertiesof thesegasesmust be known over a wide range of
thermodynamiccondkions.

Methane is a common hydrocarbonspeciefound in combustionenvironments,and is the focus of this work. It has
three primary regions of absorption in the infrared the vs fundamental centered at aPpfoxi.m*lY3020cm-’>he V4

fundamentalcentered at 1306cm-l, and the vl +V4 combinationcenteredat approximately4220 em-l. As the temperature
increases, the V3 and 04 fundamentals become the most sign~lcant absorptionregions (TAx?and Happel, 1964), while
severalother weakbands begin to appear.

Methane is commonlyfound not only in combustionenvironmentsbut is important in atmospheric studies as well.
It has thereforereceived a considerableamountof attentionconcerningits spectralnature. Varauasi (1971) investigatedthe
line structure.of the V3 band under high resolution (O.1-0.5cm-l) to identifyindividual line shapes and positions at room
temperatureuniler self-broadeningconditionsin addition to broadeningby He, Hz,NZ 02, and air. His results revealedthat
collkion-broadened lines in the VS fundamentalcan be accuratelyrepresentedby a Lorentz profde. Finkman et. al. (1967)
calculated the integrated band intensity of the V3 fundamental wing lowresolutionspec~ ~srnit~ce ~~ and tie

Goody statistical narrow band model. Lee and Happel (1964) presented correlationsfor total band absorption in several
important R bands as functions of temperature and optical density based on low resolution spectral absorptivity
measurements. Brosmer and Tlen (1985) applied the Elsasser narrow baud model to their low resolution spectral
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. absorptivitymeasurementsand presentedcorrelationsfor the w and w fundamen@. Brosm@and Tlen (1987) stu~ed
horizontal PMMA pool f~es by dividing the fwe into two zones: a hot reaction zone and a cool fuel-rich core. In their
analysis of the fuel core, which assumesa uniform temperatureof 900 K and gray gas properties, they estimated that this
region is responsible for attenuating25-3570of the inci&nt radiant flux.

Grosshandler (1993) presented a narrow band model (RADCAL) which predicts the spectral intensity and
transmittance along a nonhomogeneousline of sigh~ based on both modeled and tabulated spectral absorption data for
several gases commonly found in combustion environments. The parameters for methane that are currently used in
RADCAL are based on low resolution data. The aim of the present analysis is to investigate the effect of instrument
resolution and gas temperature on the measured and correlated spectral pafame~s of tie V3 fun~en~ bas~ on
absorptivitymeasurements taken over a wide range of optical densities. In addition, an attempt is made to correlate the
high resolution data in termsof the Elsassernarrowband modelbased on the analysisof Brosmerand Tien (1985).

Exrwrimental ADDaratus and Measurements

In thepresentstudy,thespectralabsorptivityofmethanewas measuredat various temperatures and optical
densities using a Nicolet model 550 FfJR spectrometercoupled to an external gas cell that was enclosd in a furnace.
Figure 1 shows the experimental setup. The gas cell was constructedof stainless steel tubing. BaF2windowsplaced on
each end defined a fixed optical pathlength of 23 cm. The methane was diluted with nitrogen so that different
concentrationscould b examinedwhile the total pressure was maintained at approximately1 atm. The gases were mixed
inside a manifold and flowedthrough the cell at a constant rate; the relativeconcentrationof each gas was maintained by a
series of rotameters located in the manifold upstreamof the cell. Two rotameterswere used to control the methane stream
so rhat the concentrationcould be variedbetween0.05 and 0.95 atm, providing a range of pressure-pathlengthsbetween 1
and 14atm-cm. The temperatureof the gas mixture was monitoredby placing thermocouplesin the stream at the inlet and
outlet of the cell to ensure that a uniform profile was maintained along the optical path. Measurement were made at
temperaturesof 296,600 and 900 K and spectralresolutionsof 4 cm-land 32 cm-l.

The thermocoupleuncertaintywas +/- 2.2 K and the two temperaturereadings were generally maintained within
thk range. The main cause of temperaturevariationt%omthe nominalvalue was unevenheating in the furnace. TM effect
was minimized throu~h the use of a radiation shield and by controlling the total gas flowrate. C.P. grade methane, which
specifiesa pmity of 99.1~0,and prepuritiedgradenitrogen:whichspec~fiesa purity of 99.9987o,were used.
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Figure 1 ExperimentalConfiguration
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Experimental Analwds

Figure 2 shows the effect of instrument resolution on spectral absorptivity. The absorption of the ih band Ai,
defined as the area under each curve can be used as a measure of the net energy absotid by the gas. The differen~ in
resolutionbehveen4 cm-l and 32 cm-ldoes not effectthis value. If one is interestedonly in calculating total gas parameters
then the low resolution measurementstie adequate,and may be preferablefrom a computationalstandpoint. In combustion
situations, however, more than one participating specie is typically presen~ and detailed spectral data is necessary to
account for the regions where absorption bands tlom different gases overlap. For this reason, data collected at higher
resolutions is desirable for the narrowband modelcomelations.

Narrow band radiation models correlatespectraldata in terms of two band average paramete~ the line strength

(S0/60) ~d fine *w(Y./3m), where So is defin~ as the limeintensity, Ymis tie he ~-wid~ and b is tie be

spacing. Previousresearchers (Leeand Happel, 1964 Brosmerand Tlen, 1985)have determined that the N3 fundamentid
is best correlatedby the Elsasser model, which assumesa uniform spacing, intensity, and width of individual lines within
each absorptionband, and assumes the lines can be representedby a collision-broadenedcontour. Figure 2 shows the us
band centeredat approximately3020 cm-l, in addition to two weak bands that overlap the P-branch. Examining the high
resolution data, with the exceptionof the somewhatvarying line intensity, the spectral characteristics of the V3 band are
well app~oximatedby the assumptionsof theEIsassermodel,and it was found to adequatelycorrelate the present results.
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Figure 2 SpectralAbsorptivityat T=296K, X=5.72 atm-cm.

Brosmerand Tien (1985)have shown thatfor theElsassermodel, the line strength parameter can be expressedas:

(1)

where a@ is the experimentallydeterminedspectralabsorptivityand X is the optical density.

The integrated band intensity, cx, is definedas the spectralintegral of the line strengthparamete~

c@’)= JoMb ~CO (2)

At temperaturesother than the referencestatea correctionis used:
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C@) = (xi)Tel/T (3)

The integrated intensity must be known before the band parameterscan be derived. Once the intensity is known, the line
shape parameter is determined iteratively through eqns. (1) and (2), The integrated intensity has been measured
experimentallyin previous studies (l%kman et. al., 1967), and is in fact independentof any band model. One method of
determiningthe band intensity is to integratethe “apparent”spectralabsorptioncoefficient

Iim
1

–W@) do (4)
a=

X+o” x

in the limit as the optical density, X, approacheszero. Using this method with the present data a value of approxktely
350 atm-l cm-2was derived which falls within the range of valuespresentedin a review by Brosmm and Tien (1985). In
this analysis a value of 290 atm”lcm-2at STP was assumedbasedon its use in the developmentof RADCAL.

The line shapeparameterwas assumedto be of the form:

;=(30(M3° (5)

where P~= (1+0.3 Pm) is the effective pressureand Pmrefers to the partial pressureof methane. The subscript ~ denotes

the referencestate at which P.=0.25 atm and T=296 K. The line shapeparameter at the referencestate was determined to
be 0.0256, and values of 1.9and 1.48were found fromthe experimentaldata to fit the constantaa and b, respectively.

Results and D~cussion

It was shown above how instrument resolution can effect the measured spectral absorptivity. In addition to
affecting measured parameters, the resolution of the data plays a signifkant role in the narrow band model parameters.
Figure 3 shows the line strength parameter calculated from data taken at a resolution of 4 cm-l and compares it with the
same parameter as it is currently used in RADCAL,which was calculatedfrom data at a resolution of approximately 150
cm-l.
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Figure 3 Comparisonof the SpectralLine StrengthParameterat T=296 K

This figure demonstrates the applicabilityof the Elsassermodel to the V3 fundamentalby the manner with which the lines
coincide over a wide range in optical densities. This result was to be expectedby examining eqn. (l), where the optical
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density is normalized out of the expressionfor (s@m). As was the case with the band absorption Ai, spectral resolution

does not affect the integrated band intensity. SpectraIresolutiondifferenceslie in the spectral variation of the line strength
parameter. The highly resolved spectral features become especiallysignitlcant in nonhomogeneousenvironments where
considerableoverlappingbetweenbands of differentgases canoccur.

In the narrow band model the line strength parameter is analogous to the spectral absorption coefficient and is
thereforethe most signillcant parameter (Del&, 1979). By normalizing the line strength parameter by the optical density,
(sO/b@)becomes solely a function of temperature. Figure 4 shows the inverse temperature dependenceof (so/?M) over

the range 2900-2950 cm-l. In contras~ the temperature dependenceof the spectral absorptivity is such that the band
absorption,Ai = JoG da, increases with temperature. Figure 5 shows tie R-br~ch of tie Vq b~d extending to *orter

wavelengthswith increasingtemperature. The band absorptionfor the V3 fundamentalat a resolution of 4 cm-l and optical
densityof 8 atm-cm is given in Table 1. TMsdata is in good agreementwith the results of Lee and Happel (1964).
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Figure 4 Line StrengthParameterat a Resolution of Figure5 SpectralAbsorptivityat a Resolutionof 4 cm-1
4 cm-land X=5.72 atm-cm and X~8.Oatm-cm.

Further evidenceof the applicabilityof the Elsasser model to the spectral characteristicsof the 03 fundamental is
given in Fig. 6. In this figure the integrated intensitywas calculatedfrom spectral absorptivitydata with eqns. (1) and (5).
The horizontal lines represent theoreticalvalues based on the measuredvalue of (X (290 atm-l cm-z)and the temperature
dependence, eqn. (3). The advantage of representing the spectral data in terms of the narrow band model is that data
coJIectedat any temperature and partial pressure can be correlatedwith two expressions. Only one set of spectral data is
required for each temperatureonce the correlationsare known. However,one dkadvantage is that each correlation is valid
at a single resolution.

BandAbsorption A (cm-l) Band Absorption A (cm-l)
Temperature(K) PresentStudy X = 8.0 atm - cm Lee and Happe1 X=7.72 atm-cm

296 177.3 193.2
569 192.3
600 205.6
668 214.0
873 242.3
900 254.0
974 265.0

Table 1 Comparisonbetweencurrentband absorptiondata and the results of Lee and Happel (1964).
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Figure 6 Comparisonof Experimentaland TheoreticalValuesof a for the vs Band at T=296K, 600K, ~d 900K

Concluding Remarks

This analysis has demonstrated the benefits of using data collected at high resolution in situations where the
mectral featureso~methane are inmortant. While total band &mmeters are not aff~ctedby the resolution of the dataj the
measurementof spectralparame~”is significantlyaffectedb; instrumentresolution. Figures (2)-(4) show that the spectral
absorptivityand line strength parameterat a resolutionof 4 cm-lcan change by a factorof 2-5 over a spectral range of only
5 cm-lwhile the variationat lower resolutionsare much slower. TM is importantwhen the effects of band overlapbetween
multiple gases must be accounted for. Due to the high temperatures found in combustion environments, the thermal
dependenceand range of applicabtiltyof spectral gas parameters are important factors It has been shown here that the
application of the EIsasser model to the in!hred spectraof methane is valid for temperatureswhich are typical in the fuel-
rich core region above the fuel surfacein large pool frees. The validityof the data is demonstratedby the agreement shown
with previous studies for both the integratedband intensityand bandabsorption.

List of Svmbols

am= l-TO Absorptivity
Ta = ~. Transmittance
X = P. L (atm-cm) OpticalDensity
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